Mycobacterium tuberculosis uses a proteasome system that is analogous to the eukaryotic ubiquitin-proteasome pathway and is required for pathogenesis. However, the bacterial analog of ubiquitin, prokaryotic ubiquitin-like protein (Pup), is an intrinsically disordered protein that bears little sequence or structural resemblance to the highly structured ubiquitin. Thus, it was unknown how pupylated proteins were recruited to the proteasome. Here, we show that the Mycobacterium proteasomal ATPase (Mpa) has three pairs of tentacle-like coiled coils that recognize Pup. Mpa bound unstructured Pup through hydrophobic interactions and a network of hydrogen bonds, leading to the formation of an -helix in Pup. Our work describes a binding-induced folding recognition mechanism in the Pup-proteasome system that differs mechanistically from substrate recognition in the ubiquitinproteasome system. This key difference between the prokaryotic and eukaryotic systems could be exploited for the development of a small molecule-based treatment for tuberculosis.
a r t i c l e s Proteasomes are ubiquitous in archaea and eukaryotes and are found in some bacteria of the order Actinomycetales 1, 2 . As in eukaryotes, the M. tuberculosis proteasome system consists of a 20S proteolytic core particle and the Mycobacterium proteasomal ATPase Mpa, the structures of which seem to be conserved with their eukaryotic counterparts [3] [4] [5] . The proteasome is essential for M. tuberculosis to cause lethal infections in a mammalian host 6 . Distinctions between the bacterial and eukaryotic systems also exist 1, 5, 7 , and therefore efforts are focused on developing Mycobacterium-specific proteasome inhibitors as anti-tuberculosis agents 8 .
Mpa contains an N-terminal coiled-coil domain with a predicted α-helix, an intermediate domain with a double oligosaccharideoligonucleotide binding (OB) fold, and an ATPase associated with various activities (AAA) domain, and forms hexamers 5, 9 . The architecture of Mpa conforms to other proteasomal ATPases, including the archaeal proteasome-activating nucleotidase (PAN) and the Rhodococcus ATPase-forming ring-shaped complexes (ARC) 10, 11 . Mpa and ARC contain two OB folds in tandem, but in neither case had the coiled-coil domain structure been determined. The native coiled-coil structure in the Archaeoglobus fulgidus PAN has not been determined; GCN4 leucine zippers substituted for the coiled coils in PAN to produce a hybrid structure for crystallization 11 . A partial coiled coil in the archaeal Methanocaldococcus jannaschii PAN, which contains 16 residues with two heptad repeats, has also been described 10 .
Proteasome substrates in Mycobacteria are covalently tagged with a 64-amino-acid degradation signal called Pup 12, 13 . Pup covalently links to substrate lysines through an isopeptide bond with a C-terminal glutamate 12, 14 . The production of a linear fusion between Pup and a non-proteasomal substrate confirmed that the C-terminal half of Pup is required to interact with Mpa, and that the N-terminal half is required to facilitate substrate unfolding and degradation 15, 16 . Thus, pupylated substrates are probably recruited to the proteasome through the specific recognition of Pup by Mpa 14, 16 , but the precise molecular mechanism of this process has until now been unknown. In this study, we used biochemical, structural and genetic approaches to show that Pup forms a helical structure upon binding to Mpa in order to deliver proteins into the mycobacterial proteasome for destruction.
RESULTS

Crystal structure of Mpa 1-234 reveals long coiled coils
To begin to understand how Pup targets proteins for degradation by the mycobacterial proteasome, we determined the extent of the full-length Mpa coiled coil by solving the structure of the Mpa 1-234 hexamer, which includes the entire coiled coil and double OB domains (Fig. 1a) . The crystals were large (0.7 mm) but diffracted poorly (~8 Å in the synchrotron beamline, NSLS X29) owing to the high solvent content (85%) of the long coiled coils (almost twice as high as seen in most protein crystals) 17 . We improved the diffraction quality by dehydrating the crystals and solved the structure at a resolution of 3.9 Å ( Fig. 1a and Table 1 ). The crystals belong to space group P2 1 with two hexamers per asymmetric unit. The structure was solved by the molecular replacement method using the Mpa double OB fold structure 5 . a r t i c l e s The N-terminal 51 residues were unstructured, but residues 52-96 formed a contiguous ~75-Å-long α-helix in the Mpa crystal. Like ARC and PAN, the six α-helices of the Mpa hexamer formed three pairs of coiled coils that sat atop three alternating OB domains, thereby reducing the sixfold symmetry to threefold. Notably, the coiled coils protruded like tentacles from the main body of the Mpa hexamer ( Fig. 1a) . The Mpa coiled coils were in a similar orientation to those in ARC and PAN 10, 11 , although the coiled coils are much shorter in the latter two structures owing to truncation or replacement of the coiled coils to facilitate crystallization ( Supplementary Fig. 1a,b) .
The two-stranded parallel coiled coils in Mpa were formed by one α-helix (trans) that extended to, and dimerized with, its neighboring α-helix (cis) (Fig. 1b) . The cis α-helix connected to the OB domain through a cis peptide bond between the highly conserved Pro97 and Pro98 residues. The length of the Mpa coiled coil could accommodate six heptad repeats, but only five were in the structure, leaving a gap between heptads 3 (Leu73) and 4 (Leu87). At the predicted heptad position (residue 80), an alanine took the place of the expected leucine. However, there were three leucines nearby (77, 84 and 85) and Leu85 faced away from the hydrophobic core of the coiled coil, exposing it to the solvent (Fig. 1b) .
The coiled-coil region of Mpa is needed for Pup recognition
The crystal structure of Mpa 1-234 revealed that Mpa 1-96 could be further divided into unstructured (Mpa 1-45 ) and coiled-coil (Mpa 46-96 ) domains, so we wanted to determine whether either part was responsible for Pup recognition. We produced Mpa 1-46 , Mpa 46-96 and Mpa 1-96 and investigated their binding to various hexahistidine (His 6 )-tagged Pup constructs in vitro. Both Mpa 1-96 and Mpa 46-96 interacted with Pup, whereas Mpa 1-46 did not ( Supplementary  Fig. 2a ). Together, these data indicated that the Mpa coiled coil was sufficient to recognize Pup.
Previous studies have shown that the N-terminal 20 residues of Pup (Pup [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are required for in vivo and in vitro proteolysis by the mycobacterial proteasome 15, 16 . We therefore investigated whether Pup 1-20 was required for binding to the Mpa coiled coil. We produced N-terminally truncated Pup 21-64 and full-length Pup and examined binding with various N-terminal fragments of Mpa in vitro. We found that Pup was sufficient to bind to the Mpa coiled coil ( Supplementary Fig. 2b) , and therefore Pup 1-20 is not required for binding to the Mpa coiled coil, although it is absolutely required for proteasome-mediated proteolysis.
Binding-induced folding of Pup with the Mpa coiled coil
To investigate how Mpa recognizes Pup, we crystallized Mpa 46-96 alone and in complex with Pup 21-64 and solved the structures by molecular replacement with a single α-helix extracted from the Mpa coiled-coil structure ( Supplementary Fig. 3, Fig. 1c and Table 1 ). In the complex, Mpa 46-96 formed a native two-stranded parallel coiled coil that is essentially the same as that seen in Mpa 1-234 ( Fig. 1b) . The two helices are designated as Ha and Hb ( Fig. 1c) . Upon binding to the Mpa 46-96 coiled coil, Pup 21-64 formed an α-helix ( Fig. 1c) . Pup interacted with the Mpa 46-96 coiled coil with 1:1 stoichiometry, because both sides of the Mpa 46-96 coiled coil were equivalent and available for Pup binding. In the context of the Mpa hexamer, however, the inner and the outer surfaces of the coiled coil were not equivalent-the lower part of the coiled coil at the outside surface was blocked by a (Fig. 1a , red arrows)-so we predicted that Pup should not be able to bind the outside surface of the coiled coil in an Mpa hexamer.
The Pup region from Ser21 to Ala51 folded into an α-helix, apparently using the Mpa coiled coil as a template. The C-terminal 13 residues of Pup were disordered in the crystal. The Pup helix interacted in an antiparallel fashion with the lower half of the Mpa coiled coil (Fig. 1c) . The Pup surface that interacted with the Mpa coiled coil was mainly hydrophobic and contained two patches of leucine zipper-like interactions: a smaller patch between Leu32 of Pup and Leu87 and Ala86 of Mpa Ha and an extensive patch formed by Leu39, Leu40, Ile43, Val46 and Leu47 of Pup with Ala80 and Leu73 of Mpa Ha and Leu85, Leu84, Ala80 and Leu77 of Mpa Hb (Fig. 1d) .
Polar residues such as asparagine and aspartate have been shown to drive helix-helix associations through the formation of hydrogen bonds 18, 19 . A key feature of the interaction between Pup and the Mpa coiled coil is the conserved Asn70 in the Mpa coiled coil and the Asn50 in Pup: both residues were at the same height in the Mpa-Pup coiled coil and assumed dual conformations that enabled simultaneous hydrogen bonding within the Mpa coiled coil and between Mpa and Pup ( Fig. 1e) . Furthermore, the Pup interaction with the two Mpa helices was asymmetric. Pup contacted one Mpa helix (Ha) extensively through a series of hydrogen bonds among conserved residues, including Mpa Arg88 with Pup Asp37 (Fig. 1f, left) ; Mpa Asp92 with Pup Thr33 via a water molecule ( Fig. 1f, left) ; and Mpa Arg81 with Pup Asp44 and with Asp41 via a water molecule ( Fig. 1f, center) . The Pup interaction with the other Mpa helix (Hb) was weaker: Mpa Arg93 oriented the Glu90 through a hydrogen bond to form two water-mediated hydrogen bonds with Arg28 in Pup (Fig. 1f, right) .
Pup recognition by the Mpa 1-234 hexamer
We next investigated whether the interaction between the Pup fragment and the Mpa coiled-coil fragment that is described above could occur between Pup and the Mpa hexamer. We cocrystallized full-length Pup with Mpa 1-234 . Although the crystals were large, they diffracted X-rays only to a resolution of 4.5 Å in the beamline (X29 of the National Synchrotron Light Source), probably owing to high solvent content (81%). To prevent the potential phase bias at the coiled-coil region, we solved the Pup-Mpa 1-234 complex structure by the molecular replacement method using the Mpa double OB fold structure, which does not contain the coiled-coil region.
In the Pup-Mpa 1-234 structure, Pup residues 21-51 formed an α-helix that bound to the lower half of the Mpa coiled coil in an antiparallel manner ( Fig. 2a and Table 1 ), similar to what was observed in the Pup 21-64 -Mpa 46-96 complex (Fig. 1c) . Although fulllength Pup was used for crystallization, the N-terminal 20 residues were disordered, consistent with our finding that Pup 1-20 was not required for binding to the Mpa coiled coil (Supplementary Fig. 2) . The C-terminal 52-64 residues of Pup were also disordered in the crystal, similar to what we observed in the Pup 21-64 -Mpa 46-96 crystal structure; this unstructured region might serve as a flexible linker between the induced α-helix and the C terminus that forms an isopeptide bond with a substrate. Pup was not involved in crystalline packing, and binding of Pup did not markedly change the position of the coiled coils in Mpa. Consistent with our earlier prediction, Pup bound only to the interior side of the coiled coil in the Mpa hexamer, probably because the outside surface was partially blocked by crossbarrel loops in Mpa (Fig. 2a, red arrows) .
The electron density of the Pup α-helix was clear but weak, and it disappeared at the 3σ threshold, corresponding to approximately onethird of the electron density of the Mpa coiled coil ( Supplementary  Fig. 4 ). Although this could be interpreted as disorder in Pup, it is more likely that the weak density was due to Pup binding to only one of the three coiled coils in any given Mpa hexamer. This binding mode agreed with the one Pup per Mpa hexamer stoichiometry reported previously 20, 21 .
Alignment of the Mpa coiled coil in the Pup-Mpa 1-234 structure with that in the Pup 21-64 -Mpa 46-96 structure showed that the N-terminal portion of the Pup helix was 3-5 Å further away from the Mpa coiled coil in context with the Mpa hexamer ( Fig. 2a,b) .
This was caused by a tilt of the Pup helix around its C terminus by about 4° (Fig. 2b) , which shifted the Pup N terminus toward the central channel of the Mpa hexamer.
Finally, we observed a large positively charged patch at the middle section of the coiled coil (Fig. 2c, left) . Positively charged side chains in Mpa were counterbalanced by eight negatively charged residues in Pup (Asp37, Asp38, Asp41, Asp44, Asp45, Glu42, Glu48 and Glu49). At the root of the Mpa coiled coil, two negatively charged pockets were occupied by Arg28 and Arg29 in Pup (Fig. 2c, right) . Thus, electrostatic interactions also seemed to be involved in the recognition of Pup by Mpa.
Pup-Mpa interacting residues are crucial for proteolysis
The presence of negatively charged pockets in the Mpa coiled coil that seemed to make robust interactions with Pup Arg28 and Arg29 (Fig. 2c) prompted us to test the importance of the positively charged residues for protein degradation. In addition, on the basis of the crystal structure of Pup 21-64 -Mpa 46-96 ( Fig. 1d) , several conserved hydrophobic residues within the α-helical region of Pup seemed to be important for interacting with Mpa. We introduced three pairs of double mutations into a Pup reporter fusion construct (Pup-Zur-His 6 ) 16 : one pair mutated arginines 28 and 29 to alanine, and two pairs disrupted the hydrophobic regions of Pup (L39S L40S and V46S L47S) ( Figs. 1d and 3a) . Strikingly, all three double mutations in Pup nearly or completely abolished degradation of the reporter in Mycobacterium smegmatis (Fig. 3b) . This result showed that the Pup helical region is essential for the recognition of Pup by Mpa to achieve proteolysis of a substrate by the mycobacterial proteasome.
DISCUSSION
We have solved the crystal structure of the Mpa 1-234 hexamer alone and two cocrystal structures of Pup and Mpa. The cocrystal structures include the interacting fragments at a high resolution (1.9 Å) and fulllength Pup in the Mpa hexamer at a lower resolution (4.5 Å). These structures revealed a binding-induced recognition mechanism for Pup-Mpa-mediated proteasomal degradation.
Model for Pup-mediated proteolysis in Mycobacteria
On the basis of our crystal structures and the existing biochemical data, we propose the following mechanism of substrate recognition in the Pup-proteasome system (Fig. 3c) . (i) Pup is initially in an unfolded state when covalently linked to a protein substrate by its C terminus through an isopeptide bond 15, 16, 20, 21 a r t i c l e s hydrolysis 5, 22 . At the interface between Mpa and the 20S core particle, Pup might either be removed by a 'depupylase' 23 or be pushed by Mpa further into the 20S core and degraded along with the substrate 15 .
Pup recognition by coiled coils in Mpa hexamers
The crystal structure of the Mpa 1-234 hexamer revealed three pairs of long coiled coils on top of the proteasomal ATPase. The position of the coiled coils is similar among the three prokaryotic proteasomal ATPase structures (Supplementary Fig. 1c) , and the Mpa coiled coils did not change their positions when bound to Pup. It is unclear whether these coiled coils are relatively inflexible or become flexible during substrate recruitment and unfolding. The long coiled coils of Mpa might have evolved because Mycobacteria use an extended degradation signal (Pup) that is distinct from eukaryotic ubiquitin and small archaeal modifier proteins (SAMPs) 24, 25 . An Mpa hexamer binds to only one Pup, with K D ranging from 3.4 μM to 4.2 μM, calculated from fluorescence anisotropy and isothermal titration calorimetry 18, 20 . The reduced electron density of the Pup α-helix in the Pup-Mpa 1-234 crystal structure is consistent with previous observations that one Pup binds to one Mpa hexamer-that is, Pup binds to only one of the three Mpa coiled coils. Why this stoichiometry? We propose that the narrow Mpa channel in the OB fold region is the limiting factor 5 . The crystal structure predicts that the unstructured first 20 residues of Pup either converge in the space at the bottom of the three coiled coils or have already threaded into the OB channel ( Fig. 3c, center) . Neither the bottom region of coiled coils nor the OB channel is large enough to accommodate two Pups. This one-substrate-at-a-time targeting mechanism could prevent multiple pupylated substrates from aggregating at the proteasomal ATPase.
We also showed that Pup binds to the Mpa coiled coil in an antiparallel manner, placing the unstructured Pup N terminus at the bottom of the coiled coils and at the entrance of the central OB channel of the Mpa hexamer (Fig. 2) . Although Pup binding does not require its N-terminal 20 amino acids, Pup 1-20 is essential for degradation 15, 16 . We presume that the disordered nature of these 20 residues facilitates the threading of Pup into the narrow ATPase channel (Fig. 3c) .
Binding-induced folding of Pup is required for degradation
Site-directed mutagenesis of specific amino acids in Pup, chosen on the basis of interactions discovered in our analysis, disrupted proteasomal degradation. This supported the hypothesis that residues that are important for the folding of Pup on the extended Mpa coiled coil are essential for recognition of Pup. That these mutations could virtually abolish degradation gave us important insight into how proteins are targeted for degradation by a post-translational modifier that is distinct from ubiquitin.
Many intrinsically disordered eukaryotic proteins have been found to adopt folded structures upon binding to their biological targets 26 . The 'fly-casting' mechanism was proposed to explain the widespread occurrence of unfolded domains in eukaryotic proteins 27 . This mechanism might also be applicable to the Pup-proteasome system. Full-length Pup alone is randomly coiled and extended under physiologically relevant conditions in vitro. The randomly coiled state of Pup may increase its target capture radius, allowing it to find the proteasomal ATPase more easily. Once the C-terminal part of Pup contacts the Mpa coiled coil, the pupylated substrate is 'reeled' into the proteasomal ATPase, and the Pup N terminus is gradually forced toward the OB channel in Mpa. The pulling of Pup's N terminus into the OB channel might subsequently pull the Pup helix away from the Mpa coiled coil, causing Pup to unfold and thread further into the channel to reach the Mpa AAA region. This notion is supported by our structure in which the N-terminal half of the Pup helix (residues 21-30) is displaced from the Mpa coiled coil ( Fig. 2a,b) , and by the observation that this region of Pup interacts more weakly with Mpa than the C-terminal half 21 .
Our findings provide the first insights into the molecular mechanism of Pup recognition by the Mpa-proteasome system. Because of the high sequence conservation of Pup and proteasomal ATPases within the Actinomycetales, the binding-induced folding of Pup is probably a general recognition mechanism among bacteria with a proteasome system. The interaction between Pup and Mpa, unlike the proteasome protease activity, is unique to bacteria. This interaction might therefore provide a highly specific target for the development of anti-tuberculosis therapies.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Accession codes. Coordinates and structure factors have been deposited in
Protein Data Bank with the following accession codes: 3M9B (Mpa 1-234 hexamer); 3M9H (Mpa 46-96 four-helix bundle); 3M91 (Pup 21-64 -Mpa 46-96 complex); and 3M9D (Pup-Mpa 1-234 complex).
